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[1] The circulation in a glacial fjord driven by a large tidewater glacier is investigated
using a nonhydrostatic ocean general circulation model with a melt rate parameterization
at the vertical glacier front. The model conﬁguration and water properties are based on
data collected in Sermilik Fjord near Helheim Glacier, a major Greenland outlet glacier.
The approximately two-layer stratiﬁcation of the fjord’s ambient waters causes the
meltwater plume at the glacier front to drive a “double cell” circulation with two distinct
outﬂows, one at the free surface and one at the layers’ interface. In summer, the discharge
of surface runoff at the base of the glacier (subglacial discharge) causes the circulation to
be much more vigorous and associated with a larger melt rate than in winter. The
simulated “double cell” circulation is consistent, in both seasons, with observations from
Sermilik Fjord. Seasonal differences are also present in the vertical structure of the melt
rate, which is maximum at the base of the glacier in summer and at the layers’ interface in
winter. Simulated submarine melt rates are strongly sensitive to the amount of subglacial
discharge, to changes in water temperature, and to the height of the layers. They are also
consistent with those inferred from simpliﬁed one-dimensional models based on the
theory of buoyant plumes. Our results also indicate that to correctly represent the
dynamics of the meltwater plume, care must be taken in the choice of viscosity and
diffusivity values in the model.
Citation: Sciascia, R., F. Straneo, C. Cenedese, and P. Heimbach (2013), Seasonal variability of submarine melt rate and
circulation in an East Greenland fjord, J. Geophys. Res. Oceans, 118, 2492-2506, doi:10.1002/jgrc.20142.
1. Introduction
[2] Net mass loss from the Greenland Ice Sheet more than
doubled over the last decade [Rignot and Kanagaratnam,
2006] and, at present, accounts for one quarter of global
sea level rise [Cazenave and Llovel, 2009; Milne et al.,
2009; Bamber et al., 2012]. About half of the mass loss
is attributed to an increased ice discharge from the accel-
eration of outlet glaciers in west and southeast Greenland
[van den Broeke et al., 2009] which started in the mid-
1990s [Joughin et al., 2004; Stearns and Hamilton, 2007;
Howat et al., 2007, 2008]. The acceleration began at the
tidewater termini of outlet glaciers where ice-ocean inter-
face processes play a crucial role [Thomas, 2004; Vieli and
Nick, 2011]. An increasing number of studies suggest that it
was triggered by the warming of waters around Greenland
1Doctorate program in Fluid Dynamics, Politecnico di Torino, Italy.
2Institute of Atmospheric Sciences and Climate, CNR, Torino, Italy.
3Massachusetts Institute of Technology, Department of Earth, Atmo-
spheric and Planetary Sciences, Cambridge, Massachusetts, USA.
4Department of Physical Oceanography, Woods Hole Oceanographic
Institution, Woods Hole, Massachusetts, USA.
Corresponding author: R. Sciascia, Massachusetts Institute of
Technology, Department of Earth, Atmospheric and Planetary Sciences,
Cambridge MA, USA. (sciascia@mit.edu)
©2013. American Geophysical Union. All Rights Reserved.
2169-9275/13/10.1002/jgrc.20142
[Holland et al., 2008; Murray et al., 2010; Motyka et al.,
2011; Christoffersen et al., 2011]. The exact chain of
events is still unclear, but it has been proposed that warm-
ing of ocean waters coming in contact with Greenland’s
glaciers may have resulted in increased submarine melting
at their marine termini and have impacted glacier stability
by thinning and ungrounding the termini and/or affecting
calving (see review by Vieli and Nick [2011]). Therefore,
submarine melting, and the processes and parameters con-
trolling its magnitude and variability, need to be understood
if we are to improve our understanding of past glacier
variability in Greenland and its future evolution. This is a
challenging problem given the difﬁculties of observing the
ice-ocean interface and modeling the wide range of space
and time scales involved. Furthermore, from a modeling
perspective, the parameterization of the ice-ocean bound-
ary layer derived from laboratory experiments of heat and
mass exchange across a hydraulic rough surface [Yaglom
and Kader, 1974] was applied mostly to Antarctica’s ﬂoat-
ing ice shelves. Given the different properties of Antarctic
ice stream/shelf systems and Greenland outlet glaciers
(e.g. quasi-horizontal versus quasi-vertical geometry, see,
e.g., Truffer and Echelmeyer [2003]), the different water
mass properties with which they are in contact, and the lim-
ited number of studies on Greenland’s glaciers, it is unclear
whether these parameterizations can be readily applied to
Greenland’s outlet glaciers. Recent studies suggest that large
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uncertainties regarding simulated melt rates remain even for
Antarctic ice shelves [Mueller et al., 2012].
[3] In Greenland, tidewater glaciers terminate in long,
narrow, deep fjords which connect the glaciers to the sur-
rounding continental shelf waters [Straneo et al., 2012].
Submarine melting at the glacier termini results from a net
transport of oceanic heat to the glacier and depends on a
range of oceanic and glaciological processes. In the imme-
diate vicinity of the glacier, the circulation is thought to
be dominated by the buoyancy-driven circulation generated
by the glacier itself through the discharge of fresh, buoyant
water both at the surface and at depth [Chu et al., 2009; Das
et al., 2008]. In the simplest scenario in which the glacier
(buoyancy)-driven circulation is the only relevant circula-
tion, the leading paradigm is that the transport of heat to
the glacier is governed by a steady estuarine-like circulation
[Hanna et al., 2009; Rignot et al., 2010; Motyka et al., 2011]
as observed for tidewater glaciers in Alaska [Motyka et al.,
2003]. In this case, a buoyant plume develops and is com-
posed of glacially modiﬁed and entrained ambient waters.
The plume rises vertically near the ice-ocean interface, pro-
ducing a buoyant current of relatively fresh water moving
away from the glacier near the ocean’s free surface. In order
to conserve volume, and because of entrainment, an inﬂow
of ambient waters is generated at depth to balance the net
surface outﬂow. In this case, the net heat transport to the
glacier (and consequently, the submarine melt rate) is due to
the difference between the heat transported by warm deep
waters ﬂowing towards the glacier and that by cold surface
waters ﬂowing away from the glacier. Typically, this circu-
lation is thought of as a fast, thin surface outﬂow and a slow,
thick, deep inﬂow such that the net top-to-bottom volume
transport remains balanced.
[4] The direct applicability of this paradigm to
Greenland’s fjords, however, is complicated by several
factors, amongst which are fjord stratiﬁcation, seasonal vari-
ability of subglacial discharge, as well as forcings external
to the fjord/glacier system (e.g., continental shelf variability
at the mouth of the fjord or local winds). The estuarine
paradigm assumes that the fjord waters are mostly unstrati-
ﬁed, except for the density contrast between the freshwater
discharged by the glacier and the ambient water having
a single density. Instead, multiple surveys of Greenland’s
major fjords have shown that these are typically ﬁlled
with at least two distinct water masses: a relatively warm,
salty water of Atlantic origin at depth (AW) and rela-
tively cold, freshwater of Polar origin in the upper layer
(PW) [Azetsu-Scott and Tan, 1997; Holland et al., 2008;
Straneo et al., 2010, 2012]. Thus, the buoyant plume near
the ice-front rises vertically within a water column whose
properties (including density) vary with depth. As sug-
gested both by theoretical and laboratory studies [Huppert
and Josberger, 1980; Huppert and Turner, 1980] and by
recent observations [Straneo et al., 2011], this may result
in a more complex circulation (and hence, a more complex
pattern of heat transport to the glacier) since the rising
buoyant plume may reach its neutral density level before it
reaches the free surface.
[5] The presence of different freshwater masses inside
the fjord introduces additional elements of complexity in
the estimate of submarine melting. The buoyant plume is
forced by two distinct glacial waters sources: one due to
subglacial discharge, and one due to submarine melting.
Herein, by subglacial discharge, we indicate the portion of
surface melting occurring on the glacier surface, in contact
with air, that is discharged at the glacier base, and by sub-
marine melting, the melting of the glacier front immersed in
water. As argued in recent studies, the subglacial discharge
that enters the fjord at depth is likely to be a major contrib-
utor to the dynamics (e.g., Motyka et al. [2003]) by forcing
the buoyant plume at the glacier front and, as such, to be a
primary control on the submarine melt rate [Jenkins, 2011;
Xu et al., 2012]. Yet how the submarine melt rate depends
on the magnitude and seasonal variability of subglacial
discharge remains largely unknown.
[6] Some progress on the dynamics near the ice-ocean
interface has been made using simpliﬁed one-dimensional
models based on the theory of buoyant plumes [Hellmer and
Olbers, 1989; Jenkins, 1991, 2011]. MacAyeal and Jacobs
[1985] applied a plume model to the overturning circulation
beneath ice shelves where the submarine melting generated
by ice-ocean interaction is a distributed source of buoyancy.
Without an initial localized buoyancy source (i.e., subglacial
discharge), the development of a turbulent plume can be
treated in analogy with the theory of convection against
a heated plate [Wells and Worster, 2008]. More recently,
Jenkins [2011] developed a simpliﬁed model, analogous
to MacAyeal and Jacobs [1985], for the dynamics at the
grounding line of ice shelves and tidewater glaciers where
the main forcing is assumed to be the buoyancy ﬂux gener-
ated by the subglacial discharge. In the case of Greenland’s
tidewater glaciers, this assumption is likely valid for the
summer but not necessarily for winter, when the shutdown
of surface runoff strongly reduces the buoyancy source at
the base of the glacier terminus. Given the inherent simplic-
ity of these models, their ability to capture the complexity of
the dynamics may be limited, and the effects of the dynam-
ics neglected in these models needs to be addressed. Many
of the relevant oceanic processes such as the circulation
generated by the glacier subglacial discharge, the fjord’s cir-
culation itself, and the effect of viscosity and diffusivity on
the circulation are not captured by these one-dimensional
plume models. These effects can be included by using more
complex models such as general circulation models (GCM).
Recently, Xu et al. [2012] have shown that high-resolution
ocean models can be useful tools to investigate the com-
plex ocean dynamics near the ice-ocean interface. Although
turbulence, boundary layer dynamics, and entrainment are
still parameterized at the resolution used both in Xu et al.
[2012] and in the present study, the use of high-resolution
ocean models can highlight the limitation and strength of
simpliﬁed one-dimensional plume models.
[7] Here we investigate the ice-ocean boundary layer
dynamics and the fjord circulation forced by glacial bound-
ary conditions (subglacial discharge and submarine melting)
using a high-resolution, nonhydrostatic ocean general cir-
culation model (GCM) with a thermodynamical melt rate
parameterization of a vertical glacier terminus. The conﬁgu-
ration is an idealized version of a major glacier/fjord system,
Helheim Glacier and Sermilik Fjord in southeast Greenland.
Field data collected both in summer and winter provide the
initial and boundary conditions for this problem and are
used for comparison. Speciﬁcally, we investigate differences
between summer and winter conditions due to changes in
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subglacial discharge as well as water properties. The goal
of this study is to obtain estimates of submarine melting
for Helheim Glacier and its dependency on subglacial dis-
charge, temperature, and stratiﬁcation of ambient waters.
The novelty of this study compared to previous studies using
one-dimensional plume models (e.g., Jenkins [2011]) is in
the use of a GCM which includes more dynamical effects,
in particular the circulation generated by glacial forcing and
the effect of viscosity and diffusivity on the circulation.
Compared with previous studies using a GCM [Xu et al.,
2012], this study differs in terms of regime investigated.
We focus mainly on the regime in which the meltwater
plume generates a “double cell” circulation with two distinct
outﬂows, one at the free surface and one at the layers’ inter-
face, similar to that inferred from observations in Sermilik
Fjord [Straneo et al., 2011]. In particular, we propose a
scaling argument to characterize the dynamical regime of
the circulation generated by the glacier. Our results sug-
gest that velocity-dependent turbulent transfer coefﬁcients
substantially modify not only the magnitude of the subma-
rine melting but also its vertical distribution. Hence, our
study provides new insight into the dynamics regulating
the submarine melting and points to possible fundamental
dynamics still missing in the formulation of the problem.
[8] The model and its setup are described in section 2.
These are followed by a review of the theory of buoyant
line plumes, section 3. The main ﬁndings are presented in
sections 4 to 8 followed by a summary and conclusions in
the ﬁnal section.
2. Model Setup
[9] To investigate the circulation and melting at the ter-
minus of a Greenland tidewater glacier, we consider a
vertical glacier front at the head of a rectangular fjord
and assume that it is grounded at the bottom of the fjord
(Figure 1). The conﬁguration is chosen to broadly match
the features of Helheim Glacier, a large tidewater glacier in
southeast Greenland, which discharges into Sermilik Fjord
(66ıN, 38ıW) [Straneo et al., 2010]. The real fjord’s width
varies from 4 to 10 km and is about 100 km long, with
depths varying from 900 m at the mouth to around 600 m
at the head [Schjøth et al., 2012]. Hydrographic surveys
[Straneo et al., 2010] have shown that property changes
occur primarily in the along-fjord direction and that across-
fjord gradients are small. This is consistent with the fact
that the Rossby radius of deformation and fjord width are
roughly equal and, therefore, that rotation has a secondary
effect on the fjord dynamics. Hence, we simplify the prob-
lem to a two-dimensional one, assuming no variations in the
across-fjord direction. As a result of this simpliﬁcation, this
setup is ill-suited to study across-fjord variations induced,
for example, by a localized (in the horizontal) subglacial dis-
charge channel. Yet overall, it is an important ﬁrst step to
understand the leading dynamics of the problem.
[10] Helheim Glacier terminus is represented as an HT =
600 m deep wall with a vertical front (i.e., no ﬂoating ice
tongue) typical of the present state of Greenland’s outlet
glaciers [Joughin et al., 2004]. Subglacial discharge is con-
ﬁned near the bottom of the glacier where the input of
freshwater is likely to have the largest impact on the fjord
dynamics. It is also consistent with the notion that the bulk
Figure 1. Model geometry with the glacier front on the
left side and the mouth of the fjord on the right side of the
domain. PW (Polar waters) layer with temperature T1 and
salinity S1. AW (Atlantic waters) layer with temperature T2
and salinity S2. Subglacial discharge (Qsg) is conﬁned to
the lowest two cells near the bottom. Horizontal and vertical
resolution at the glacier front are 10 m.
of the seasonal surface runoff is discharged at the base of the
glacier through a series of drainage channels [Andreasen,
1985; Zwally et al., 2002; Das et al., 2008; Catania et al.,
2008].
2.1. The Model
[11] The MITgcm (http://mitgcm.org) is a substantially
evolved version of Marshall et al. [1997a, 1997b] and
Adcroft et al. [2004]. It solves the Boussinesq form of the
Navier–Stokes equations on a generalized curvilinear grid.
The ﬁnite-volume discretization is rendered on a horizon-
tal Arakawa C-grid, and with vertical z-levels. The model
has been used to simulate a wide range of geophysical
phenomena, from large-scale ocean circulation to small-
scale processes, both in realistic [Magaldi et al., 2011] and
idealized [Spall, 2011] setups.
[12] In our study, we consider a high-resolution, non-
hydrostatic setup [Marshall et al., 1998] with a modi-
ﬁed version of the United Nations Educational, Scientiﬁc
and Cultural Organization (UNESCO) equation of state by
Jackett and McDougall [1995]. In this conﬁguration, mix-
ing processes are permitted up to the grid scale of the model.
Previous studies have applied similar high-resolution for-
mulations to problems such as internal waves, overﬂows,
and convection [Visbeck et al., 1996; Legg and Adcroft,
2003; Legg et al., 2006]. We perform two-dimensional ide-
alized experiments (Figure 1) with 10 m uniform vertical
resolution and a telescopic horizontal resolution ranging
from 10 m at the glacier front to 500 m at the mouth of
the fjord. The model width in the y-direction is one grid
cell of size L = 10 m. Three-dimensional (3-D) simulations
with a 6 km wide fjord (not shown) reveal that the across
fjord variability and the differences between the 3-D and 2-
D simulations are small provided that the forcing applied
(e.g., subglacial discharge) is 2-D. The advantage of using a
2-D setup is that the reduced computational cost allows us to
perform a large number of simulations.
[13] Subgrid scale processes are parameterized using
a Laplacian eddy diffusion of temperature, salinity, and
momentum with grid size-rescaled constant coefﬁcients. At
the scales adopted (10 m  10 m), diffusive () and viscous
() processes are dominated by turbulence and consequently
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Table 1. Dimensional Parameters and Variables (Tb, Sb, q) Used in
the Simulations
Symbol Description Value Unit
 Density of water 1030 kgm–3
cp Speciﬁc heat capacity 3974 Jkg–1 K–1
C1/2d T Thermal Stanton number 1.1  10–3
C1/2d S Diffusion Stanton number 3.1  10–5
Li Latent heat of fusion of ice 334000 J kg–1
i Density of ice 916 kgm–3
cp,i Heat capacity of ice 3974 Jkg–1 K–1
k Heat diffusivity 1.54  10–6 m2 s–1
1 Liquidus slope –0.0573 ıC
2 Liquidus intercept 0.0832 ıC
3 Liquidus slope –7.53  10–8 ıCPa–1
Tw Water temperature see Table 2 ıC
Ti Ice temperature –10 ıC
Sw Water salinity see Table 2 psu
H Horizontal viscosity 2.5  10–1 m2 s–1
V Vertical viscosity 10–3 m2s–1
H Horizontal diffusion 2.5  10–1 m2 s–1
V Vertical diffusion 2  10–5 m2 s–1
Tb Boundary temperature ıC
Sb Boundary salinity psu
q Melt rate of ice kgm–2 s–1
are of the same order of magnitude. Hence, the choice of
dimensional parameters (Table 1) is such that the horizon-
tal Prandtl number Pr is equal to one and the properties
vary without discontinuities at the grid scale of the model.
Depending on the characteristics of the simulations, the
model is integrated with a time step ranging from 1 to 20 s
(Table 2).
[14] The boundary conditions of the model are free sur-
face at the top, rigid boundaries with no-slip boundary
conditions at the bottom and left side (i.e., glacier front), and
open boundary on the right side (i.e., fjord’s mouth) with a
sponge layer restoring temperature and salinity proﬁles to
those prescribed as initial conditions. The domain is sufﬁ-
ciently long (160 km) for the simulations to reach a steady
state before the open boundary conditions inﬂuence the
circulation at the glacier front. In section 5.1, we describe a
series of sensitivity experiments supporting our assumption
that the leading order dynamics in the fjord do not depend on
the exact choice of parameters such as horizontal resolution,
, or .
2.2. Melt Rate Parameterization
[15] The thermodynamical melt rate parameterization of
the ice-ocean boundary (equations (1)–(3)) is based on the
Hellmer and Olbers [1989] and Holland and Jenkins [1999]
three equations model
Tb = 1Sb + 2 + 3Pb, (1)
cpiT(Tw – Tb) = –Liq – icp,ik(Ti – Tb), (2)
iS(Sw – Sb) = –Sbq. (3)
Equation (1) is the linear equation for the freezing temper-
ature of seawater, where Tb, Pb, and Sb are the temperature,
pressure, and salinity at the ice-ocean boundary, respec-
tively, and 1–3 are constants. Together with the conserva-
tion of heat, equation (2), and salinity, equation (3), these
equations describe the thermodynamical equilibrium at the
ice-ocean interface. Tw and Sw are the seawater temperature
and salinity, Ti is the ice temperature, T,S are the turbu-
lent transfer coefﬁcients for temperature and salinity, and the
other parameters in equations (1)–(3) are deﬁned in Table 1.
This parameterization has been used, in the context of the
MITgcm, to model sub-ice-shelf melting around Antarctica
[Losch, 2008; Heimbach and Losch, 2012; Schodlok et al.,
2012] and submarine melt rates of a Greenland tidewater
glacier [Xu et al., 2012]. An additional, step not described
in any of these studies, but correctly implemented in the
MITgcm, is the treatment of an advection term in the bound-
ary conditions (lateral for a vertical ice front) for the tracer
tendency equations, following Jenkins et al. [2001].
[16] While most of the terms in the thermodynamical
parameterization of the ice-boundary (equations (1)–(3))
are physical constants that can be easily measured, the
same cannot be said for the turbulent transfer coefﬁcients
T,S which represent a parameterization of the effects
of turbulence in the ice-ocean boundary layer. Earlier
parameterizations of the turbulent transfer coefﬁcients by
Hellmer and Olbers [1989] adopted constant values for T,S.
Holland and Jenkins [1999] and more recently Jenkins et al.
Table 2. Value of Dimensional Parameters Used in Each Simulation (Section 2.5 for Details)
Qsg [m3s–1] x [m] y [m] t [s] T,S H2 [m] T1 [ıC] T2 [ıC] S1 [psu] S2 [psu] smr [myr–1]
WIN 0 10 10 10 Variable 450 –1.5 4 32.9 34.6 70
SUM 4.3 10 10 5 Variable 450 –1.5 4 32.9 34.6 738
WIN50 0 50 10 20 Variable 450 –1.5 4 32.9 34.6 34
WIN20 0 20 10 10 Variable 450 –1.5 4 32.9 34.6 42
WIN5 0 5 10 1 Variable 450 –1.5 4 32.9 34.6 57
WIN 0 10 10 10 Constant 450 –1.5 4 32.9 34.6 59
SUMs 4.3 10 10 5 Variable 450 0.5 3 32.5 34.5 551
SUMd 0.29–8.7 10 10 5 Variable 450 –1.5 4 32.9 34.6 73–1111
TEMP 0 10 10 10 Variable 450 –1.5 0–8 32.9 34.6 0.7–172
TEMPs 4.3 10 10 10 Variable 450 –1.5 0–8 32.9 34.6 170–1104
INTER 0 10 10 10 Variable 50–550 –1.5 4 32.9 34.6 0.4–104
INTERs 4.3 10 10 10 Variable 50–550 –1.5 4 32.9 34.6 225–677
SALT 0 10 10 10 Variable 450 –1.5 4 32.9 34–35 69–66
SALTs 4.3 10 10 10 Variable 450 –1.5 4 32.9 34–35 776–686
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[2010] showed that a parameterization with a functional
dependence on water velocities produces a better agree-
ment with submarine melt rate measurements. Hence, in
our formulation we use a parameterization that includes a
functional dependence on the water velocity. Explicitly, the
transfer coefﬁcients T,S are deﬁned as
T,S = C1/2d T,SUb, (4)
where Ub =
p
u2b + w2b is the magnitude of the velocity at
the ice-ocean boundary. C1/2d T,S are the thermal and diffu-
sive Stanton numbers [Steele et al., 1989], and their values
are those used by [Jenkins et al., 2010; Jenkins, 2011].
Parameter values and variables used in the equations are
given in Table 1.
[17] The turbulent transfer coefﬁcients are related to the
far ﬁeld current away from the ice-ocean boundary layer
[Jenkins et al., 2010] but, at present, it is unclear what
this velocity actually is. For quasi-horizontal ice shelves,
like those present in Antarctica, the relevant velocities are
the horizontal ones parallel to the ice shelf. In the case of
signiﬁcant tidal ﬂows, such as under Ross ice shelf, these
velocities are assumed to be dominated by the magnitude
of the tidal ﬂows [Jenkins et al., 2010]. In the case of a
vertical glacier front, the relevant velocity is likely that of
the buoyant plume with additional potential contributions
from tidal ﬂows, internal fjord modes, and externally driven
ﬂows [Jenkins et al., 2010; Jenkins, 2011]. If we consider
the glacier-driven circulation alone, plume theory suggests
that at the ice-ocean boundary, the vertical velocity is much
larger than the horizontal velocity induced by entrainment.
Hence, at the vertical glacier front, the velocity dependence
of the turbulent transfer coefﬁcients is likely determined
mainly by the vertical velocity of the buoyant plume.
2.3. Boundary Conditions - Subglacial Discharge
[18] As we show below, among the parameters and
forcing explored here, the largest seasonal control on the
fjord’s circulation and the submarine melt rate is the sub-
glacial discharge. In summer, large amounts of surface
runoff are thought to ﬁnd their way to the bed of Greenland’s
glacier and discharge freshwater at depth [Das et al., 2008].
Evidence for these fresh intrusions in summer and their
absence in winter in Sermilik Fjord is discussed in Straneo
et al. [2011]. To investigate this seasonal variability, we con-
sider two distinct seasonal regimes: a winter regime with no
subglacial discharge, and a summer regime with subglacial
discharge. Geothermal and frictional melting at the base of
the glacier are much smaller than submarine melting and
subglacial discharge [Mernild et al., 2010]. Thus, we assume
that the melting generated by these two processes can be
neglected in both seasons. To quantify a plausible range for
the summer subglacial discharge in our simulations, we pro-
ceed as follows. Andersen et al. [2010] estimate a summer
surface runoff of QTOT  174m3 s–1 entering the fjord
from Helheim Glacier catchment basin through an unknown
number of drainage channels of unknown dimensions. Since
our simulations are limited to a 10 m wide vertical slice
of the fjord and glacier, we need to rescale discharge rates
accordingly. To do so, we consider two scenarios that may
provide plausible lower and upper limits for the subglacial
discharge forcing to be used in our simulations. For the
lower bound, we consider the case in which the total sub-
glacial discharge is uniformly distributed along the entire
base of Helheim Glacier. Assuming that Helheim Glacier is
6 km wide, this amounts to a discharge ﬂux of 0.029 m2 s–1
per unit width. Since our 2-D slice is 10 m wide (i.e., it
has the width of a grid cell), the uniformly distributed ﬂux
that provides the lower limit for our simulations amounts
to a rescaled subglacial discharge Qsg = 0.29m3 s–1. For
the upper limit, we assume that Helheim’s entire rescaled
subglacial discharge occurs through a single opening that is
200 m wide. Since our 2-D slice is 10 m wide, this upper
limit amounts to Qsg = 8.7m3 s–1 (in the following, Qsg
refers to rescaled discharge rates in the way just described).
In examining the impact of subglacial discharge on the
dynamics at the ice front, we perform a series of experiments
with discharge values ranging between these two extremes:
the “distributed” scenario and the “single” channel scenario.
It is important to stress that the problem addressed here is
two-dimensional in nature and that we are not investigating
the 3-D dynamics associated with the discharge by a local-
ized channel but rather the 2-D dynamics associated with the
ﬂux expected from a channel.
[19] We impose a subglacial discharge with zero salinity,
at the freezing temperature for the given depth, and with an
initial horizontal velocity computed from the total discharge
uQsg = Qsg/A, where A is the area of the model cells where
the subglacial discharge is applied (20 m high and 10 m
wide). Some plume models [Mugford and Dowdeswell,
2011] derive the initial subglacial discharge velocity from
the Manning equation for open channel ﬂows [Chow, 1959]
which gives rise to larger initial velocities. We also per-
formed experiments using these larger velocities but found
negligible impact on our results. We conclude that the
dynamics is more sensitive to the subglacial discharge mag-
nitude than to the prescribed initial velocity. The subglacial
discharge is treated as a “virtual mass ﬂux” in the sense of
Huang [1993], i.e., instead of adding a real freshwater ﬂux
to the continuity equation, corresponding source terms are
added to the tracer and momentum conservation equations.
This choice is volume-conserving and allows us to minimize
the number of parameters necessary to deﬁne the problem
by imposing open boundary conditions only on temperature
and salinity ﬁelds. Nevertheless, an advective ﬂux through
a nonmaterial surface implied by the melting is taken into
account, following Jenkins et al. [2001].
2.4. Initial Conditions
[20] Sermilik Fjord is ﬁlled with two main water masses
[Straneo et al., 2010]: a cold and fresh layer of polar
waters (PW) overlying warm, salty Atlantic waters (AW)
(Figure 1). The winter proﬁles (Figure 2a) clearly show
a two-layer stratiﬁcation of temperature and salinity, and
hence density. In summer (Figure 2b), the stratiﬁcation is
more complex, reﬂecting the presence of large volumes of
glacially modiﬁed waters in the upper 100–200 m [Straneo
et al., 2011]. The winter runs were initialized with a two-
layer stratiﬁcation in which the temperature and salinity in
each layer are equal to the layer average observed during a
winter survey of Sermilik Fjord (Table 2). In summer, mag-
nitude and spatial distributions of temperature and salinity
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Figure 2. Sermilik Fjord temperature and salinity vertical proﬁles at mid-fjord. Measurements were
taken in (a) winter 2010 and (b) summer 2009 [Straneo et al., 2011].
differ from winter conditions (Figure 2b). For simplicity,
and to reduce the number of variables changed simulta-
neously, we initialize the model with the same idealized
two-layer stratiﬁcation. In summer, we consider two dif-
ferent scenarios: one in which the temperature and salinity
are identical to the winter runs (SUM, Table 2), and one
in which the temperature and salinity are those observed in
summer (SUMs, Table 2 and Figure 2b). The same water
temperature and salinity proﬁles used for the initial condi-
tions in the fjord are used as relaxation proﬁles at the open
boundary. The interface between the two water masses is set
to a depth of 150 m with the exception of the runs described
in section 6 (INTER, INTERs Table 2). The ﬂow is assumed
to be initially at rest, and analysis is carried out after a
spin-up period of 8 days.
2.5. Model Experiments
[21] We conduct a series of experiments aimed at inves-
tigating the dynamics of the glacier-driven circulation in
both winter and summer conditions, and its sensitivity to
model parameters. In particular, we focus on the subma-
rine melt rate’s dependence on the subglacial discharge
rate and the fjord’s bottom layer temperature, salinity, and
thickness. The experiments are brieﬂy described below and
listed in Table 2.
[22] Control Experiment - WIN. As a baseline, we
perform a control experiment with winter water properties
(Figure 2a) and without subglacial discharge.
[23] Summer Experiment - SUM. We explore the
effect of summer subglacial discharge on fjord dynamics
through a simulation with the same water properties as for
the WIN experiment, but with a steady subglacial discharge
equal to Qsg = 4.3m3 s–1 equivalent to a total discharge
ﬂuxed through a 400 m wide opening.
[24] Summer Experiment - SUMs. Same as the SUM
simulation except for initial water properties chosen to be
those observed during the summer survey (Figure 2b). The
idealized two-layer stratiﬁcation is maintained.
[25] Sensitivity to Subglacial Discharge - SUMd.
Subglacial discharge rate is highly variable during summer.
In this set of experiments, we explore the inﬂuence of the
subglacial discharge rate on submarine melting and fjord cir-
culation by varying the subglacial discharge within the range
Qsg = 0.29 – 8.7m3 s–1. For each experiment, we consider a
steady subglacial discharge.
[26] Sensitivity to Grid Resolution - WIN5, WIN20,
WIN50. With this set of experiments, we explore the
sensitivity of submarine melt rate to numerical horizontal
resolution (5 m, 20 m, and 50 m, respectively).
[27] Sensitivity to Velocity - WIN . In all pre-
vious experiments, the turbulent transfer coefﬁcients
(equation (4)) are functions of the velocity Ub at the ice-
ocean interface. Here we consider how the results differ
if Ub is assumed to be constant. All other parameters are
identical to the WIN run.
[28] Sensitivity to AW Temperature - TEMP and
TEMPs. In these experiments, we vary the temperature of
the AW layer from 0ıC to 8ıC with 1ıC increments, both in
the WIN (TEMP) and SUM (TEMPs) setup.
[29] Sensitivity to AW Thickness - INTER and
INTERs. In these experiments, we vary the AW thickness,
H2, from 50 m to 550 m with 50 m increments, both in the
WIN (INTER) and SUM (INTERs) setup.
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[30] Sensitivity to AW Salinity - SALT and SALTs. In
these experiments, we vary the AW salinity, S2, from 34 psu
to 35 psu with 0.25 psu increments, both in the WIN (SALT)
and SUM (SALTs) setup.
[31] We compare simulations not only in terms of water
properties and velocity but also in terms of submarine melt
rate at a given depth, smr(z) [m yr–1], its maximum value
smrM [m yr–1], and the vertically averaged submarine melt
rate deﬁned as smr = 1HT
R 0
–HT smr(z)dz [m yr
–1]. Note that
this deﬁnition averages the submarine melting over the entire
water column depth. Hence, if the melting occurs pref-
erentially in one layer (AW layer, see below), then this
deﬁnition of smr will underestimate the average melting for
that layer.
3. Line Plume Theory
[32] Near the glacier front, the circulation addressed in
this study is that of a buoyant plume rising along the ver-
tical ice front. Its dynamics are controlled by the buoyancy
forcing due to the glacier (both submarine melting along the
ice front and subglacial discharge at depth), by the entrain-
ment and mixing with the ambient ﬂuid, and by viscous
drag at the ice-ocean interface. Since the submarine melt
rate depends both on the plume’s velocity and its properties
(see next sections), a correct representation of the buoyant
plume is critical to estimating the submarine melt rate. In
the simulations presented throughout the paper, even at grid
spacings of 5–10 m, the turbulent buoyant plume is not fully
resolved. Nevertheless, the extent to which the model cap-
tures the bulk properties of the plume can be evaluated by
comparing our model runs to the theory of buoyant plumes
[Morton et al., 1956; Turner, 1973]. This theory, although
idealized, is a good starting point to describe the processes
at play at the ice-ocean interface. If we assume that the
buoyancy source due to subglacial discharge is homoge-
neously distributed along the glacier width, then the gen-
erated plume can be studied in analogy with the theory of
line buoyant plumes in a homogeneous, nonrotating ambient
ﬂuid [Turner, 1973]. The ﬂow variables can be expressed in
terms of the buoyancy ﬂux per unit length, B = g0Qsg/L, and
the distance above the source z. In a line buoyant plume, the
buoyancy ﬂux is constant with depth, the volume ﬂux Q 
B1/3z increases with height above the source due to entrain-
ment of ambient ﬂuid, the reduced gravity g0  B2/3z–1
decreases with height, the vertical velocity is constant, w 
B1/3, and the half width of the plume b  z increases with
height above the source.
[33] Entrainment generated by the turbulent buoyant
plume induces the density within the plume to increase due
to mixing with denser ambient waters. Following the deﬁni-
tion of entrainment velocity we = ˛w [Ellison and Turner,
1959], we deﬁne an entrainment ﬂux
Fe =
Z Z
wedx dz = ˛
Z Z
wdx dz, (5)
where ˛ is the entrainment coefﬁcient, w is the plume
vertical velocity at a given position (x, z), and  is the
difference between ambient and plume density at a given
position (x, z).
[34] In the simulations, the turbulent entrainment pro-
cesses are not resolved but are instead parameterized by a
diffusive ﬂux
Fd = 
Z Z
@
@x
dx dz, (6)
where  is the horizontal diffusion coefﬁcient, and  is the
density at a given position (x, z). Therefore, a consistent rep-
resentation of the buoyant plume requires the entrainment
and diffusion ﬂuxes to be of the same order of magnitude
(Fe/Fd  1). From equations (5) and (6), this occurs when
R R
wdx dzR R
d dz
' 
˛
, (7)
where ˛ = 0.08 is the entrainment coefﬁcient for line
plumes [Turner, 1973]. In most of the simulations discussed
here, we use  = 2.5  10–1 m2 s–1 as the model hori-
zontal diffusivity, which yields to values of the left-hand
side of equation (7) in the range 2–7, in good agreement
with the expected value of 
˛
= 3.1. Hence, we expect
the model to capture the leading order dynamics of the
evolving plume.
[35] To further investigate the sensitivity of the results to
the exact values of the diffusivity, we perform a series of
experiments in which we vary the horizontal diffusivity .
The simulated buoyant plume density p at z = –450 m
is compared with the theoretical value for line plumes, t,
at the same distance above the bottom (not shown). We
ﬁnd that a value of  an order of magnitude smaller pro-
duces a lighter buoyant plume than predicted by the line
plume theory (i.e., t > p) indicative of an underesti-
mate of the entrainment ﬂux. A slightly larger value of
 = 9  10–1 m2 s–1 produces slightly larger plume density
than in the runs with  = 2.5  10–1 m2 s–1. This is con-
sistent with having a larger entrainment, further diluting the
buoyant plume and increasing its density. Both results are
consistent with the scaling described above. The analysis
highlights that to correctly represent the dynamics of the
buoyant plume generated by submarine melting and sub-
glacial discharge, entrainment processes should be resolved
or at least parameterized correctly choosing the appropri-
ate value of  based on equation (7). Given that Pr = 1 in
all the experiments, the above analysis is also valid for the
viscosity coefﬁcient .
4. Control Winter Experiment (WIN)
[36] In the control run (WIN), submarine melting at the
glacier front by ocean waters gives rise to a buoyant,
relatively fresh plume (a mixture of glacial waters and
entrained ambient waters) which rises along the vertical
front. Velocities close to the glacier front are mainly vertical,
while horizontal velocities become dominant with increas-
ing distance from the glacier (Figure 3). Two distinct plumes
are evident in this run, one generated by melting in the upper
150 m, within the PW layer, which reaches the free surface,
and a second plume, with density p, such that 1 < p < 2
where 1 (2) is the density of the upper PW (lower AW)
layer, which intrudes at the interface between the two water
masses. As a result, there are two distinct outﬂows of glacial
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Figure 3. Control winter experiment (WIN). (a) Fjord velocities (u,w, arrows, [ms–1]) overlaid on the
salinity anomaly ([psu], in color) with respect to the initial conditions (the glacier front is on the left side
of the panel). (b) Horizontal velocity proﬁles averaged over 0    100 m. (c) Vertical velocity proﬁle
at the glacier front. Thin black lines correspond to zero velocity. All quantities have been averaged over
a 300 h period.
meltwater mixtures, one at the free surface and one at the
layers’ interface. Conservation of volume and entrainment
processes, in turn, drive ambient waters to the glacier front
in the bottom layer ( 300–600 m) and in the upper layer
 80 m (Figure 3b) generating a “double cell” circulation
consistent with that inferred from water properties collected
in a winter survey of Sermilik Fjord [Straneo et al., 2011]. In
our simulations, the transport in the lower cell is much larger
than in the upper cell, consistent with the larger melting
driven by AW compared to PW.
[37] Similarly, the plume’s vertical velocity is maxi-
mum in the AW layer with a mean value in this layer of
 0.04m s–1 (Figure 3c). Within this layer, the vertical
velocity increases with distance above the bottom due to the
increased buoyancy ﬂux resulting from the addition of melt-
water as the plume rises. Consequently, the vertical velocity
of the plume reaches its maximum at the AW/PW interface
(Figure 3c). Because the submarine melt rate depends on
the plume velocity, the smr also increases towards the sur-
face in the AW layer, reaching its maximum value at the
AW/PW interface. The outﬂow averaged horizontal veloc-
ity in the lower layer is  0.02m s–1 (Figure 3b), even
though the front, i.e., “nose,” of the buoyant current has a
maximum velocity of 0.09 m s–1. In our simulations, the nose
of the current reaches the end of the domain (160 km) in
21 days. After this time, the model shows changes in the
smr which we attribute to the impact of the open boundary
on the circulation. In terms of spin-up, we see that after about
 8 days the submarine melt rate reaches a steady state.
Thus, to estimate the submarine melt rate in steady condi-
tions, we compute the smr by averaging from day 9 to 21
of the simulation, i.e., after the transient initial period and
before the open boundary affects the smr. The smr for WIN
is 70 myr–1.
5. Sensitivity Analysis
5.1. Model Resolution
[38] The sensitivity of the fjord circulation and submarine
melt rate to the model resolution is estimated by varying
the horizontal resolution (x =50 m, 20 m, and 5 m) and
then comparing the results with the control experiment. The
vertical resolution is kept constant at z = 10 m. Following
Bryan et al. [1975], the horizontal grid scale Reynolds num-
ber, ReH = ux/H where u is the horizontal velocity, is kept
constant and below two by changing the horizontal viscos-
ity accordingly. Similarly, the horizontal diffusion is varied
to keep the Prandtl number Pr = H/kH = 1 for all the sim-
ulations. Sensitivity to horizontal grid resolution is closely
related to the choice of viscosity and diffusivity parameters
which have been kept constant for the winter and summer
experiments. For this reason, all results described below
(WIN5–WIN50) can be extended to the summer season.
[39] We ﬁnd that as the resolution decreases from 10 m
to 50 m, the smr decreases by a factor of 2 (Table 2). We
attribute this behavior to the fact that the submarine melt
rate depends strongly on the buoyant plume’s vertical veloc-
ity and that, by lowering the resolution, the upwelling plume
is forced to occur over a larger horizontal distance (larger
than or equal to the cell width), thus resulting in lower
vertical velocities. A decrease in the smr is also found as
the horizontal resolution is increased from 10 m to 5 m
(Table 2). The parameterization of boundary layer processes
depends on the model’s resolution. In this work, we param-
eterize entrainment processes with diffusive and viscous
coefﬁcients (section 3). When using a 5 m horizontal res-
olution, we are, at the same time, partially resolving the
relevant turbulence and also parameterizing it. This pro-
duces an artiﬁcially larger entrainment than is dynamically
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consistent and, therefore, a slower plume and decreased
submarine melt rate.
5.2. Velocity Dependence of the Turbulent
Transfer Coefﬁcients
[40] When the only buoyancy source is the submarine
melting (WIN), we ﬁnd that the vertical plume velocity
is maximum at the layers’ interface and minimum at the
bottom, with a mean value in the AW layer of 0.04 m s–1
(Figure 3c) which yields T = 0.44  10–4 m s–1 and S =
1.2  10–6 m s–1. To examine the importance of the vertical
structure of the plume’s velocity and that of the turbulent
transfer coefﬁcients, we perform one experiment (WIN )
where the velocity Ub in the turbulent transfer coefﬁcients is
ﬁxed and equal to the mean vertical velocity in the AW layer
of the WIN run, and compare the results to those obtained
in the WIN run.
[41] Even though the two simulations have a compara-
ble smr (Table 2), the variation of the submarine melt rate
in the vertical is quite different (Figure 4). In the WIN
experiment, the melt rate depends only on the fjord water’s
properties and has a constant proﬁle in the lower layer,
with a slight increase with depth due to pressure effects
on the freezing temperature of seawater. This is in contrast
with the results of the WIN run where the submarine melt-
ing is a function of both temperature and ﬂow velocity at
the glacier front. As the buoyant plume rises, the vertical
velocity increases (Figure 3c) producing larger values of
submarine melt rate near the interface between the two water
masses (Figure 4).
[42] By imposing a constant T,S, one is effectively assum-
ing that the velocity along the ice-ocean interface does
not vary. The differences between the two simulations are
even more evident within the PW layer, where in the WIN
run, the melting is essentially zero because the plume’s
velocity is quite small, while in the WIN run, the mean
velocity used gives rise to a signiﬁcant melt rate. These
results suggest that not only the amplitude but also the
vertical velocity structure near the glacier front has a lead-
ing order impact on submarine melt rate estimates and its
vertical structure. Knowledge of these details are therefore
necessary to evaluate if and how ocean forcing can affect
glacier stability.
6. Summer Experiment
[43] The large summer surface runoff which occurs over
southern Greenland gives rise to a large subglacial discharge
which is likely to be a major contributor to the buoyant
upwelling plume at the glacier’s front. In our summer sim-
ulation (SUM), we ﬁnd that the buoyancy forcing is dom-
inated by the subglacial discharge and that its occurrence
changes the amount of submarine melting dramatically.
[44] For the particular choice of subglacial discharge
used in SUM, the overall features of the circulation are
largely similar to those of WIN, with a double-cell circula-
tion that is enhanced in the AW layer and at the PW/AW
interface (Figure 5a). This is consistent with observations
from a summer survey of Sermilik Fjord showing that
glacially modiﬁed waters (containing subglacial discharge)
were present in large amounts above the PW/AW interface
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Figure 4. Vertical proﬁles of submarine melt rate
for different parameterizations of the turbulent transfer
coefﬁcients.
and, with the inferred qualitative structure of the circula-
tion [Straneo et al., 2011]. Yet the magnitude of the vertical
velocity is much larger in SUM, and it exhibits a very dif-
ferent variation with depth (Figure 5c). This, in turn, gives
rise to a much larger melt rate smr = 738 myr–1 (an order
of magnitude larger) and a much larger salinity anomaly
than in WIN (Figures 5a– 3a, note the different scale of
the colorbar).
[45] Maximum submarine melt rates in SUM are found
near the bottom, and not at the layers’ interface as in WIN
(Figure 5b), due to the different vertical velocity proﬁles
in the two experiments (Figure 5c). In winter, the domi-
nant buoyancy forcing of the plume is due to the addition
of water melted along the glacier front. Thus, the buoyancy
forcing increases as the plume rises, and more meltwater is
added. This gives rise to a vertical velocity which increases
with depth and is maximum at the PW/AW interface. In
summer, the large buoyancy ﬂux due to the subglacial dis-
charge causes the vertical velocities to have a maximum
near the bottom where the water is discharged into the fjord
(Figure 5c). As the buoyant plume rises, the vertical veloc-
ity decreases slightly with depth (probably due to viscous
effects) which, together with the contribution from pres-
sure effects, causes the submarine melt rate to decrease with
increasing distance from the bottom.
[46] The results obtained with (SUM) and without (WIN)
subglacial discharge are compared with those obtained using
the Jenkins [2011] 1-D plume model with similar initial con-
ditions and subglacial discharge. Jenkins [2011] describes
the evolution of a buoyant plume by solving four ordi-
nary differential equations for the conservation of mass,
momentum, heat, and salt. The 1-D model takes into account
entrainment processes by introducing a parameterization for
the entrainment rate which is a linear function of the plume
velocity [Ellison and Turner, 1959] we = ˛w, where we is
the entrainment (horizontal) velocity, ˛ is the entrainment
coefﬁcient, and w is the plume vertical velocity (section 3).
Figure 5b shows that in both runs, the vertical proﬁles of
submarine melt rate agree with those obtained with Jenkins’
1-D plume model (dashed lines). In winter, both proﬁles
have a maximum at the layers’ interface while in summer
the maximum is at the glacier’s grounding line. The ver-
tical velocities in Jenkins’ model are larger (Figure 5c),
especially for the SUM run, resulting in an increased sub-
marine melt rate compared to our simulations. The model of
Jenkins [2011] is a simpliﬁed 1-D model in which the vis-
cous forces are neglected, possibly explaining the larger
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Figure 5. Comparison between summer (SUM) and winter (WIN) runs. (a) SUM fjord circulation (u,w,
arrows, [ms–1]) overlaid on the salinity anomaly ([psu], in color) with respect to the initial conditions
(the glacier front is on the left side of the panel). (b) Vertical proﬁles of submarine melt rate. (c) Vertical
velocity proﬁles at the glacier front. (d) Horizontal velocity proﬁles averaged over 0    100 m. All
quantities have been averaged over a 300 h period. Dashed lines are proﬁles computed using the Jenkins
[2011] plume model with the same initial subglacial discharge values in summer and Qsg << 1 in winter.
Black (gray) lines represent winter (summer) runs. Thin black lines correspond to zero velocity.
vertical velocities compared to our 2-D model results in
which viscous forces are included. It is important to note
that Jenkins’ plume reaches, in both runs, its neutral buoy-
ancy level at the interface between the two water masses,
and therefore the comparison is possible only in the AW
layer, which is the dynamically dominant layer as shown in
Figure 5a.
[47] As discussed earlier, summer conditions in Sermilik
Fjord differ from winter ones in two ways. One important
difference is the summer subglacial discharge investigated
above. A second difference is that the water properties
observed in summer were somewhat different from those
observed in winter (Figure 2). Here we examine whether
adding more realistic summer water properties further
affects the winter/summer differences due to the subglacial
discharge described above. Therefore, in SUMs, we main-
tain the idealized two-layer stratiﬁcation but use summer
values of temperature and salinity (Table 2) while keep-
ing all the other parameters unchanged. Our results show
that the summer/winter water property differences do impact
the submarine melt rate, but that overall their effect is
secondary compared to the presence/absence of subglacial
discharge. The model shows the same leading order dynam-
ics in both SUM and SUMs. The lower submarine melt rate
in SUMs, smr = 551myr–1, compared to smr = 738myr–1
found in SUM (Figure 6), is attributed to the fact that the
AW temperature observed in summer was lower than that
observed in winter (Table 2).
7. Inﬂuence of Subglacial Discharge Variability
[48] Estimates of subglacial discharge suggest large vari-
ability from hourly to seasonal to interannual timescales
[Andersen et al., 2010; Mernild et al., 2010]. To inves-
tigate the sensitivity of the submarine melt rate and the
plume dynamics to a varying subglacial discharge, we per-
form a series of experiments (SUMd). We ﬁnd that both
the average submarine melt rate (smr) and its maximum
(smrM) increase with the square root of subglacial discharge
(Figure 6). For the lowest values of subglacial discharge,
Qsg = 0.29m3 s–1, smr = 73myr–1 which is similar to the
value obtained for the WIN simulation (Table 2). Over the
explored range of Qsg, our smr estimates are consistent with
those obtained with Jenkins’ 1-D plume model (Figure 6,
square symbols). The difference in the power law exponent
(cubic root versus square root) are not statistically signiﬁ-
cant. The small differences can be explained by the slightly
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Figure 6. smr as a function of subglacial discharge,
Qsg (SUMd). Black circles represent the MITgcm model
and gray squares the Jenkins [2011] 1-D plume model.
Black crosses represent the maximum submarine melt rate
smrM. Black diamonds indicate the SUMs experiment. Solid
curves indicate the cubic root ﬁt of smr, and the dashed
curves indicate the square root ﬁt for the SUMd runs.
The vertical dashed lines refer to the different circulation
regimes found in our simulations. The solid line is the
theoretical location of I = 1 (section 7).
different vertical velocity distribution (Figure 5c). In partic-
ular, the larger magnitude of Jenkins’ 1-D model vertical
velocities results in a larger smr (Figure 6). Furthermore, the
inclusion of a viscous term in our model gives rise to a plume
whose vertical velocity decreases as it rises. This is consis-
tent with a slightly weaker dependence (square root) on Qsg
than predicted by Jenkins (cubic root). Xu et al. [2012] also
found a power law of approximately one third. We are not
able to make a more detailed comparison with their results
because of the minimal overlap in the range of subglacial
discharge (Qsg) investigated.
[49] As the subglacial discharge increases, the dynam-
ics at the glacier front evolves into three different regimes
(Figure 7). For low values of the subglacial discharge,
the dynamics is characterized by the same double cell cir-
culation described in WIN with an enhanced outﬂow at
the interface between the two water masses as described
in section 6 (regime I, Figure 7a). This regime charac-
terizes Sermilik Fjord dynamics and is the main focus
of this paper. For intermediate subglacial discharge val-
ues, the plume is more buoyant than in regime I and has
larger vertical velocities. This causes it to slightly over-
shoot the layers’ interface generating a large amplitude
interfacial wave (regime II, Figure 7b). Finally, for even
larger values of subglacial discharge, the plume’s buoyancy
is sufﬁcient for it to penetrate through the layers’ inter-
face and reach the free surface (regime III, Figure 7c).
Regime III has been previously described, in a similar
setup, by Xu et al. [2012], who investigated the inﬂuence
of large subglacial discharges, up to Qsg = 250m3 s–1.
For the lowest value of subglacial discharge used,
Xu et al. [2012] may have been in the intermediate regime
II as suggested by the wave in the velocity ﬁeld in their
Figure 2a.
[50] The value of Qsg for which the buoyant plume is able
to penetrate through the layers’ interface can be estimated as
follows. A buoyant plume with an initial ﬂow rate Qsg and
an initial density p0 changes its density through entrainment
of ambient waters of density a. The ﬂow rate of entrained
ambient waters is deﬁned as
Qe(z) =
Z
Ap
wedA = ˛wAp(z), (8)
where ˛ is the entrainment coefﬁcient, w = 1.8

g00Qsg
1/3
is the vertical velocity evaluated from the line plume theory
[Turner, 1973], Ap is the area through which entrainment
occurs and deﬁned as the distance from the bottom mul-
tiplied by the width of the fjord (L = 10 m), and g00 =
g(p0 – a)/a is the initial reduced gravity. The density of
the plume p is then given by
p(z) =
p0Qsg + aQe(z)
Qsg + Qe(z)
, (9)
and for a two-layer ambient stratiﬁcation, the buoyant plume
will penetrate through the interface between the two layers
if the density of the plume at the layers’ interface p(z =
H2) = I is lower than the density of the upper PW layer (1),
i.e., I < 1. Figure 6 shows that the theoretical transition to
regime III, i.e., I = 1, occurs for Qsg = 6.7m3 s–1, which
is in excellent agreement with the transition between regime
II and III found in the model.
8. Inﬂuence of AW Property Changes
[51] Next, we consider the impact of variations in ocean
properties on the submarine melt rate and the fjord circu-
Figure 7. Salinity distribution near the glacier front (on
the left side of the panels) in psu. (a) Regime I: Qsg =
0.74 m3s–1, (b) regime II: Qsg = 5.8 m3s–1, (c) regime III:
Qsg = 8.7 m3s–1. Black arrows indicates the plume water
pathways.
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lation. Since the PW temperature is close to freezing, its
contribution to the submarine melt rate is small. Hence, we
focus our attention on three likely drivers of change: (1) the
temperature of the AW, T2, (2) its thickness H2, and (3) its
salinity S2.
[52] To investigate the impact of varying T2, we per-
formed a series of experiments where T2, is varied from 0ıC
to 8ıC, while keeping the temperature of the upper layer
and the salinity of both layers constant (TEMP and TEMPs
runs). To investigate the inﬂuence of the relative thickness
of the PW and AW layer, we varied the AW layer thickness
H2 between 50 m and 550 m (INTER and INTERs runs)
while keeping all other parameters constant. In the explored
parameter range, we ﬁnd that the structure of the circula-
tion is not inﬂuenced by changes in T2 and H2 but that the
smr increases linearly with T2 and H2 (Figure 8), both in
winter (i.e., without subglacial discharge) and in summer
(i.e., with subglacial discharge). A comparison with Jenkins’
1-D plume model (Figure 8, square symbols) conﬁrms a
linear dependence of smr on T2 and H2. This linear depen-
dence of submarine melt rate on T2 is consistent with the
scaling developed in Jenkins [2011] and the model results
of Xu et al. [2012] who investigate only the summer season.
As expected, we ﬁnd that increasing H2 is comparable to
increasing the AW temperature T2. For example, increasing
the lower layer thickness from 450 m to 500 m is compara-
ble to increasing the temperature of the AW by 1ı from 4ıC
to 5ıC (Figure 8). Holland et al. [2008] found a quadratic
dependence of smr on water temperature and showed that
previous results are highly variable. Depending on the type
of study (e.g., modeling versus observational), the smr had
a linear or quadratic dependence on water temperature. We
ﬁnd that, in the temperature range explored here, the dif-
ference between a quadratic and liner dependence is not
statistically signiﬁcant. We note that the dependence of the
smr on H2 deviates slightly from the linear dependence, and
this subtle difference may be explained again by the vertical
velocity dependence with depth found in our runs which is
absent in Jenkins’ 1-D plume model (Figure 5c).
[53] Next, we investigate the impact of changes in the AW
salinity by varying S2 in the range 34–35 psu (SALT and
SALTs runs). From our own observations and historical data
in the Irminger Sea (not shown), AW salinity variations are
unlikely to exceed this range. In summer, a 1 psu increase
corresponds to a 13% decrease in smr from 776 m yr–1 to
686 m yr–1. In winter, smr is less sensitive to AW salinity
changes with a 4% decrease from 69 m yr–1 to 66 m yr–1 for
a 1 psu increase (Figure 8).
[54] A 1 psu change in salinity impacts both the density
of the AW layer and the freezing point temperature. The
corresponding density change of  0.79 kg m–3 at the
base of the glacier is still much less than the PW/AW den-
sity difference, and similarly, the freezing point temperature
changes of only 0.05ıC. These variations are negligible
compared to the dynamical effect of salinity on the plume.
The plume buoyancy ﬂux increases with increasing salin-
ity resulting in a increase in the plume vertical velocity
(section 3). However, the plume will entrain denser water
resulting in a higher plume density. Even though we observe
a faster plume (not shown) which locally melts more, the
smr is less because the plume melts over a shorter vertical
distance from the bottom. The model results indicate that
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Figure 8. Vertically averaged submarine melt rate (smr) as
a function of T2, H2, and S2. Gray (black) symbols denote
experiment with (without) subglacial discharge. Circles rep-
resent the MITgcm model and squares the Jenkins [2011]
1-D plume model. Solid lines are linear ﬁts.
the plume dynamical regime transitions from regime II to
regime I as the salinity increases from 34 to 35 psu and, as
visible in Figures 7a and 7b, as the buoyant plume becomes
heavier, it will intrude less into the PW layer resulting in a
lower submarine melting.
9. Summary and Conclusions
[55] We use a fjord scale, nonhydrostatic general circula-
tion model to investigate the circulation and submarine melt
rate resulting from the presence of a glacier at the head of
a long, deep fjord. The setup is meant to be an idealized
representation of the Sermilik Fjord/Helheim Glacier system
in southeast Greenland. We examine variations forced by
changes in the properties of the two water masses observed
in the fjord (the cold, fresh Polar Water layer and the warm,
salty Atlantic Water layer) and in the rate of subglacial
discharge.
[56] Our simulations indicate that the fjord’s two-layer
stratiﬁcation gives rise to a double cell circulation where rel-
atively fresh water (containing glacial melt) is exported both
at the free surface and at the interface between the two water
masses. Hence, large amounts of glacially modiﬁed waters
are exported below the PW layer. Even though the general
structure of the circulation is the same in summer and win-
ter, our results indicate that both the vertical distribution and
magnitude of the submarine melt rate vary strongly between
seasons. During summer, the rate of submarine melt is an
order of magnitude larger than during winter. It is maxi-
mum at the glacier’s base, compared to a maximum at the
interface between the two water masses found during winter.
These differences are primarily due to the large subglacial
discharge that occurs in summer. This discharge results in a
large and fast buoyant plume, which in turn, enhances the
submarine melt rate along the glacier front by affecting the
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ice-ocean transfer processes. Physically, the summer plume
is much more buoyant, resulting in a more turbulent plume
with larger entrainment rates and larger transport of heat
towards the glacier. In winter, the only buoyancy forcing
is due to melting of the glacier itself, giving rise to a less
buoyant and slower plume. As a result, the vertically aver-
aged submarine melt rate is an order of magnitude smaller
than in summer. Substantial changes in the submarine melt
rate can also result from changes in the Atlantic Water layer
thickness and temperature, while the Atlantic Water salin-
ity has a smaller impact on the dynamics and the submarine
melt rate. Our results show that vertically averaged subma-
rine melt rate varies with the square root of the subglacial
discharge, and linearly with the Atlantic water temperature
and layer thickness.
[57] Our results are in fairly good agreement with the
cubic-root scaling developed by Jenkins [2011] and
Jenkins’ 1-D plume model, indicating that simpliﬁed one-
dimensional plume models are useful tools to understand
the ﬁrst-order dynamics regulating the melting at the glacier
front. The use of a general circulation model presents some
advantages when compared to the simpler plume model in
that we could identify different regimes of the circulation
driven by the glacier itself. A scaling argument indicates
that to generate the “double cell” circulation characterizing
Sermilik Fjord dynamics (regime I), the buoyant plume den-
sity at the layers’ interface I must be less than the density
of the upper PW layer which, for the parameters of Sermilik
Fjord, occurs for Qsg < 6.7m3 s–1, in excellent agreement
with our simulation (Figure 6). Our results are also consis-
tent with some of the ﬁndings of Xu et al. [2012]. In their
study, however, they focused on a regime in which the melt-
water plume penetrates all the way to the ocean free surface
and generates a single outﬂowing current which is approxi-
mately 100 m deep and with very large horizontal velocities
(of the order of 2 m s–1). Such circulation and large veloc-
ities are not observed in Sermilik Fjord, and the Xu et al.
[2012] results are not readily applicable to Sermilik and
similar environments.
[58] Our estimates indicate that the summer melt rates
are of the order of 700 m yr–1 while winter melt rates are
about 70 m yr–1 and that this difference is largely due to
subglacial discharge. Caution must be used, however, in
converting these estimates to average values over the entire
submerged front of a glacier such as Helheim since they
were obtained for a 10 m wide glacier. In winter, when there
is no subglacial discharge, we expect the 10 m wide glacier
to be representative of the entire portion of the glacier in
contact with the ocean. Therefore, the 70 m yr–1 melt rate
estimate is likely to be representative of a mean melt rate
for Helheim as long as the transfer coefﬁcients used in the
ice/ocean boundary layer parameterization are appropriate.
In summer, however, the estimate of 700 m yr–1 melt rate
is only appropriate for the fraction of the glacier charac-
terized by a large subglacial discharge, and not necessarily
for the entire glacier front. Thus, even though it is tempting
to compare the summer melt rate with the recent estimate
of 400–1000 m yr–1 obtained using synoptic velocity and
temperature proﬁles collected in Sermilik Fjord during sum-
mer 2009 [Sutherland and Straneo, 2012], the comparison
is not appropriate. Given that the model-based estimate is
only representative of a portion of the glacier, one could
speculate that average melt rates across the entire glacier
front should be considerably less and thus at odds with the
ﬁeld-based estimate. For example, one should consider a
700 m yr–1 over 400 m and 70 m yr–1 over the remain-
ing glacier’s width which results in a smr = 112 m yr–1.
On the other hand, the ﬁeld-based estimate of Sutherland
and Straneo [2012], is indicative of the quasi-instantaneous
(ﬁeld data were obtained in less than a week) melt rate aver-
aged across the entire glacier front. In practice, there are
multiple reasons why we should be cautious about mak-
ing this comparison. First, the data-based estimate itself
is highly uncertain and based on a snapshot of conditions
inside the fjord. Furthermore, it is important to remember
that the model simulations are highly idealized in nature
and only consider the circulation driven by the glacier itself.
A potentially important dynamical feature neglected in the
model simulation is, for example, the fast and rapidly chang-
ing continental shelf-forced circulation observed in Sermilik
Fjord [Straneo et al., 2010; Sutherland and Straneo, 2012].
A second, likely source of discrepancies is due to the fact
that the turbulent transfer coefﬁcients are largely untested in
Greenlands tidewater glacier environment.
[59] Several important simpliﬁcations have been made in
this study. First, we have assumed that the leading order
dynamics is two-dimensional. This assumption is justi-
ﬁed for the fjord scale circulation but is questionable for
localized subglacial discharges which may introduce spa-
tial asymmetries in the problem, something which needs to
be investigated further. Second, large uncertainties remain
regarding the timing and magnitude of the subglacial dis-
charge. Here, we have made an attempt to cover what we
consider is a realistic dynamical range. Yet until the uncer-
tainties in these numbers are reduced, it is hard to identify
an appropriate dynamical regime. Third, we have assumed
that even though the model does not explicitly resolve the
smaller turbulent scales of the problem, their integral effect
is captured by the parameterizations of eddy viscosity and
diffusivity. We have presented a scaling argument which
supports this assumption in the dynamical range explored
here, but further studies with even higher resolution models
are needed. Fourth, key to these experiments is an appropri-
ate parameterization of the ice-ocean boundary. This study
shows that the submarine melt rate and its vertical struc-
ture can vary substantially depending on the choice of
parameters and variables in the turbulent transfer coefﬁ-
cients. Given our present knowledge of the turbulent transfer
coefﬁcients, our results indicate that a correct estimate of
the vertical velocities is crucial to represent the ice-ocean
dynamics and the submarine melt rate, in particular.
More work is needed to determine whether the parameteri-
zation of this dynamics is appropriate for models that cannot
resolve the small-scale nonhydrostatic boundary layer pro-
cesses at the ice-ocean interface. Our results suggests that
models such as the one used here could help bridge the
gap between small-scale and large-scale models that are
unlikely to resolve the dynamics at the ice-ocean boundary.
For example, the derived relationship between submarine
melt rates and subglacial discharge (Figure 6) could be
integrated in melt rate parameterizations of large-scale mod-
els. A formulation not depending on near-ice front vertical
velocities might also lend itself for inclusion in isopycnal
models with a fundamentally different vertical discretization
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(e.g., Adcroft and Hallberg [2006]) and implied plume and
entrainment parameterization.
[60] Albeit very simpliﬁed, this study illustrates the suit-
ability of using a GCM to investigate the dynamics driving
glacier melting and is a necessary step to investigate the
importance of fjord circulations on the dynamics near a
glacier front. We ﬁnd that the inclusion of a variable velocity
in the turbulent transfer coefﬁcients is fundamental to cap-
ture the seasonal variability of the vertical structure of smr.
Larger subglacial discharge induces larger vertical veloc-
ities, resulting in larger submarine melt rates. Hence, the
quantiﬁcation of the subglacial discharge and the number
and size of drainage channels is fundamental for a correct
prediction of submarine melting and fjord circulation. By
varying the AW layer thickness from 450 m to 500 m, we
ﬁnd that the submarine melt rate is increased by the same
amount as if the temperature of the AW was increased by
1ı from 4ıC to 5ı. Hence, the displacement of the interface
between AW and PW may be as, if not more, important than
a temperature change in the AW layer.
[61] Finally, these idealized experiments have neglected
a whole range of oceanic/fjord processes which likely have
a strong impact on the heat transport to the glacier and
hence the submarine melt rate. These include circulations
forced by continental shelf and atmospheric variability at the
mouth, local winds, and tides. The interaction between these
circulations and the buoyancy-driven circulation described
here is the subject of ongoing research. Such process stud-
ies are crucial to improve our understanding of the dynamic
response of Greenland’s outlet glaciers to oceanic and atmo-
spheric forcings [Straneo et al., 2013].
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